In this study, we provide evidence that the double-stranded RNA-dependent protein kinase (PKR) is not required for virus-induced expression of inducible nitric oxide synthase (iNOS) or the activation of specific signaling pathways in macrophages. The infection of RAW264.7 cells with encephalomyocarditis virus (EMCV) induces iNOS expression and nitric oxide production, which are unaffected by a dominant-negative mutant of PKR. EMCV infection also activates the mitogen-activated protein kinase, cyclic AMP response element binding protein, and nuclear factor B (NF-B) signaling cascades at 15 to 30 min postinfection in PKR ؉/؉
Double-stranded RNA (dsRNA), which accumulates during viral replication, is an active component of virus infection that stimulates antiviral responses within infected cells (23) . The accrual of dsRNA of viral origin activates the dsRNA-dependent protein kinase (PKR), a ubiquitously expressed 65-to 68-kDa serine/threonine protein kinase that binds dsRNA and initiates various antiviral responses (14, 44) . PKR is believed to be a primary regulator of antiviral activities, as it has been implicated in the inhibition of translation by phosphorylation of the eukaryotic initiation factor eIF2␣, the upregulation of proinflammatory and antiviral gene expression by activation of the transcription factor nuclear factor B (NF-B), and apoptosis of infected cells (14, 25, 29) . Notwithstanding these observations, recent reports have suggested that PKR-independent pathways also participate in the antiviral response. In particular, the role of PKR in mediating the activation of NF-B following virus infection remains controversial. NF-B activation requires the phosphorylation and subsequent proteasome-mediated degradation of its associated inhibitory protein B (IB), which when bound obscures a nuclear localization signal on NF-B, thereby sequestering it in the cytoplasm of unstimulated cells (5) . PKR was initially believed to participate in dsRNA-induced NF-B activation either directly by phosphorylating IB or indirectly by inducing IB kinase activity (9, 26) . Recent work by Magun and coworkers, however, has shown that the treatment of PKR Ϫ/Ϫ mouse embryonic fibroblasts (MEFs) with dsRNA or their infection with encephalomyocarditis virus (EMCV) induces IB degradation, NF-B nuclear localization, and DNA binding, as well as NF-B promoter activation (21) . Additionally, we have shown that dsRNA plus gamma interferon (IFN-␥) stimulates comparable levels of inducible nitric oxide synthase (iNOS) expression, nitrite production, and interleukin-1 (IL-1) expression and release by macrophages isolated from PKR Ϫ/Ϫ and PKR ϩ/ϩ mice (29, 30) . Taken together, these results suggest that additional PKR-independent pathways participate in the cellular response to viral infection.
The macrophage response to viral infection is characterized by the expression of proinflammatory and antiviral genes, including those for IL-1␤ and iNOS (17) . Viral infection of both rodent and human macrophages results in the expression of iNOS and the production of nitric oxide (8, 20) . The induction of iNOS expression appears to participate in the antiviral response, since the IFN-␥-mediated inhibition of viral replication by macrophages is due, in part, to the production of nitric oxide (24) . Furthermore, mice with compromised iNOS activity, either due to treatment with iNOS inhibitors or by genetic deficiency (iNOS Ϫ/Ϫ mice), have increased viral titers and a higher mortality rate than wild-type mice following virus challenge (13, 28) . One mechanism by which nitric oxide attenuates viral infection is through the nitrosylation and inactivation of viral proteins required for replication, such as the coxsackievirus protease 3C, which contains an NO-sensitive cysteine residue within the active site that is necessary for catalysis (35) .
While the molecular mechanisms by which viral infection stimulates the expression of proinflammatory and antiviral genes by macrophages have yet to be clearly defined, it appears that independent signaling pathways regulate the transcriptional activation of specific target genes. Previous results from our laboratory have suggested that PKR is not absolutely required for dsRNA-induced iNOS or IL-1␤ expression by macrophages (29) , supporting a PKR-independent mechanism of transcriptional regulation of these genes during the antiviral response. EMCV infection of macrophages is known to activate multiple signaling pathways, including the mitogen-activated protein (MAP) kinases and NF-B (20, 21) . Recently, we have shown that the MAP kinase extracellular signal-regulated kinase (ERK) participates in the selective regulation of IL-1␤ expression by macrophages during the antiviral response, as ERK inhibitors attenuated dsRNA-or virus-induced IL-1␤ expression while iNOS expression and nitrite production were unaffected (30) . Conversely, the Ca 2ϩ -independent phospholipase A 2 (iPLA 2 )-selective inhibitor bromoenol lactone prevents dsRNA-or EMCV-induced cyclic AMP response element binding protein (CREB) phosphorylation, iNOS expression, and nitrite production but has no effect on IL-1␤ expression by macrophages (31) , supporting a novel role for iPLA 2 in the regulation of iNOS expression by macrophages in response to virus infection. While divergent signaling pathways contribute to the regulation of iNOS and IL-1␤ expression during the antiviral response, NF-B is absolutely required for the transcriptional activation of these as well as numerous other proinflammatory genes. The transcriptional regulation of cyclooxygenase 2 (COX-2) expression during a viral infection of macrophages requires NF-B activation but does not require the activation of signaling pathways involved in the regulation of iNOS and IL-1 expression (39). These findings highlight the complexity of the transcriptional activation of antiviral genes and suggest that unique and independent signaling cascades mediate the specificity of gene expression during the antiviral response.
For this study, we have evaluated the temporal association of PKR, MAP kinase, CREB, and NF-B activation in macrophages infected with the B variant of EMCV. Using dominantnegative PKR (dnPKR)-expressing RAW264.7 cells, we provide evidence that PKR activation is not required for iNOS expression and nitrite production by EMCV-infected macrophages. In addition, the IFN-␣/␤ response does not appear to participate in the activation of proinflammatory gene expression by macrophages during EMCV infection, as both iNOS and IL-1␤ are expressed to comparable levels in the presence or absence of the IFN-␣/␤ receptor (IFN-␣/␤R). We show that EMCV infection of macrophages stimulates the rapid activation of MAP kinases, CREB, and NF-B, events that precede PKR phosphorylation by several hours. The mechanism by which EMCV infection activates these signaling pathways does not appear to be associated with an accumulation of viral RNA or other viral replication events, but rather may be due to an interaction between the virus capsid and a macrophage cell surface receptor during the initial stages of infection.
MATERIALS AND METHODS
Materials and animals. RAW264.7 cells, L929 cells, and Dulbecco's modified Eagle medium (DMEM) (containing 10% heat-inactivated fetal calf serum and 1ϫ L-glutamine) were obtained from the Washington University Tissue Culture Support Center (St. Louis, MO). Vector control (pDEST27) and stably dnPKRexpressing RAW264.7 (PKR-M1) cells were maintained in G418-containing selection medium and have been described previously (29, 43) . PKR Ϫ/Ϫ mice (C57BL/6J ϫ 129/SV background) were the generous gift of Randall Kaufman and have been previously described (45 Virus propagation and infection. The B variant of EMCV was a generous gift of Ji-won Yoon (University of Calgary, Calgary, Alberta, Canada) and has been previously described (4) . EMCV was propagated in L929 cells, supernatants were clarified by centrifugation, and titers were determined by a plaque assay. Cell monolayers were infected with a multiplicity of infection of 1 PFU/cell by the addition of EMCV to the culture medium for the indicated times at 37°C.
Peritoneal macrophage isolation and cell culture. Peritoneal exudate cells (PEC) were isolated from PKR-deficient C57BL/6J ϫ 129/SV mice (PKR Ϫ/Ϫ ) and C57BL/6J wild-type mice (PKR ϩ/ϩ ) or from IFN-␣␤ receptor-deficient 129Sv(ev) mice (IFN-␣␤R Ϫ/Ϫ ) and 129Sv(ev) wild-type mice (IFN-␣␤R ϩ/ϩ ) by peritoneal lavage as described previously (7) . We used both C57BL/6J and C57BL/6J ϫ 129/SV mice in previous work and have observed no differences in the antiviral responses of macrophages isolated from either mouse strain. Following isolation, 4 ϫ 10 5 cells/400 l cCMRL-1066 were incubated at 37°C under an atmosphere of 95% air and 5% CO 2 for 2 h prior to the initiation of experiments. RAW264.7 cells were removed from growth flasks by treatment with 0.05% trypsin-0.02% EDTA at 37°C. Cells were washed twice with DMEM, plated at the indicated concentration, and cultured for 2 to 3 h under an atmosphere of 95% air and 5% CO 2 prior to the initiation of experiments.
PCR. Total RNA was isolated from RAW264.7 cells by using a QIAGEN RNeasy kit according to the manufacturer's instructions and was used to prepare a cDNA library using the Superscript preamplification system from Gibco-BRL (Grand Island, NY) according to the manufacturer's specifications. A standard 25-l PCR mixture was set up as previously described (3) . PCR primers for EMCV have been described previously and are as follows: forward, 5Ј-GGA GGT GAG AAT GCT GAG AG-3Ј; and reverse, 5Ј-TTC CAG CAT AAG GAC TCC AG-3Ј (PCR product size of 850 bp) (20) . iNOS and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primers have been previously described (3) .
Nitrite and IL-1 determination. Nitrite production was determined from culture supernatants by mixing 50 l of culture medium with 50 l of Greiss reagent as previously described (15) . The absorbance at 540 nm was measured, and nitrite concentrations were calculated from a sodium nitrite standard curve. IL-1 release into culture supernatants was determined by the RINm5F cell bioassay as previously described (19) .
Western blot analysis. Protein samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes (Amersham) under semidry transfer conditions as previously described (18, 27) . Antibody dilutions were as follows: rabbit anti-iNOS, 1:2,000; rabbit anti-ERK2, 1:2,000; mouse anti-GAPDH, 1:5,000; all other primary antibodies, 1:1,000. Horseradish peroxidase-conjugated donkey anti-mouse and donkey anti-rabbit secondary antibodies were used at 1:5,000 and 1:7,000, respectively.
RESULTS

Role of PKR in virus-induced iNOS expression and nitric
oxide production by macrophages. The antiviral effects of IFN-␥, particularly the inhibition of viral replication, are me-diated in part by the expression of iNOS and subsequent production of nitric oxide (24) . In an attempt to determine if PKR participates in the regulation of iNOS expression by macrophages during virus infection, we initiated our studies by determining the time-dependent effects of EMCV infection on the transcriptional activation of iNOS in macrophages. As shown in Fig. 1A , EMCV induces an accumulation of iNOS mRNA in RAW264.7 cells that is first detectable at 4 h postinfection (p.i.), an effect that persists for 24 h.
In previous studies, our laboratory has shown that PKR is required for iNOS expression by RAW264.7 cells in response to the synthetic dsRNA polyinosinic-poly(C) [poly(IC)] and that this PKR dependence can be overcome by the addition of IFN-␥ (29) . To determine whether functional PKR is required for the induction of iNOS expression during authentic viral infection, vector control RAW264.7 cells (pDEST27) or RAW264.7 cells stably expressing a dominant-negative mutant of PKR (PKR-M1) (29) containing a K296P point mutation in the ATP binding domain were infected with EMCV in the presence and absence of IFN-␥. This well-characterized dnPKR mutant has been shown to prevent dsRNA-induced PKR activity (38, 43) . EMCV stimulated the production of nitric oxide (Fig. 1B ) and the expression of iNOS (Fig. 1C) to similar levels in pDEST and PKR-M1 RAW264.7 cells, while poly(IC) failed to induce nitrite production in dnPKR-expressing RAW264.7 cells (29; data not shown). In contrast to the effects of poly(IC), EMCV-induced iNOS expression by RAW264.7 cells does not appear to require the presence of functional PKR. However, similar to our previous studies with poly(IC), the levels of iNOS expression and nitrite production were significantly enhanced in the presence of IFN-␥. Importantly, EMCV plus IFN-␥-induced iNOS expression does not require PKR, suggesting that PKR-independent antiviral pathways participate in the regulation of iNOS expression by EMCV-infected RAW264.7 cells.
EMCV infection rapidly activates signaling cascades in macrophages.
A virus infection of macrophages induces the expression of proinflammatory and antiviral genes, each of whose transcription is regulated by precise and highly orchestrated signal transduction cascades (39) . To examine this regulation, the time-dependent effects of EMCV infection of RAW264.7 cells on the activation of MAP kinase signaling cascades, specifically ERK, Jun N-terminal kinase (JNK), and p38, as well as the activation of the transcription factors NF-B and CREB, were examined ( Fig. 2A) . EMCV infection stimulates the rapid phosphorylation of each of the MAP kinases, which is first detectable following a 15-min incubation and is sustained for 30 min. In a similar fashion, EMCV induces CREB phosphorylation following a 15-min incubation, and this phosphorylation persists for 30 min. As an assay of NF-B activation, the effect of EMCV infection on IB degradation was evaluated. EMCV stimulates the nearly complete degradation of IB following 15 min of incubation, and the levels of IB in EMCV-treated RAW264.7 cells return to basal levels at 1 h p.i. Importantly, functional PKR does not appear to be required for the activation of each of these signaling cascades in response to EMCV infection. As shown in Fig. 2B , EMCV infection stimulates ERK, JNK, p38, and CREB phosphorylation, as well as IB degradation, in RAW264.7 cells stably expressing dnPKR that is similar both temporally and in magnitude to the effects of EMCV on RAW264.7 cells. These findings suggest that EMCV infection activates several signaling pathways in a rapid manner and that the activation of each of these pathways occurs by mechanisms that are independent of PKR.
To confirm that PKR is not required for the virus-induced activation of these signaling pathways, the effects of EMCV infection on each of these target proteins was examined in peritoneal macrophages (PEC) isolated from wild-type and PKR-deficient mice. The infection of PKR ϩ/ϩ (Fig. 3A) or PKR Ϫ/Ϫ (Fig. 3B ) PEC with EMCV results in the phosphorylation of ERK, JNK, p38, and CREB, which occurs in a 6 /2 ml) were infected with EMCV (1 PFU/cell), RNA was isolated at the indicated times postinfection, and iNOS mRNA accumulation was determined by RT-PCR with GAPDH serving as an internal control. (B) Vector control (pDEST27)-or dnPKR-expressing RAW264.7 cells (PKR-M1; 4 ϫ 10 5 /400 l DMEM) were infected with EMCV (1 PFU/cell) for 24 h at 37°C in the presence and absence of 150 U/ml IFN-␥, and nitrite production in culture supernatants was determined by a Greiss assay. (C) pDEST27-and PKR-M1-expressing RAW264.7 cells were treated with 0.25 or 1 PFU/cell of EMCV in the presence and absence of IFN-␥ for 24 h, and iNOS expression was determined by Western blot analysis. The results for nitrite production represent the means Ϯ standard errors of the means (SEM) for five independent experiments, and the results for iNOS expression and mRNA accumulation are representative of three independent experiments. time-dependent manner immediately following infection. EMCV also stimulates a similar time-dependent degradation of IB that is maximal at 15 to 30 min p.i., with reduced levels of IB persisting for 1 to 2 h. Overall, these findings provide additional evidence to suggest that PKR is not required for the activation of MAP kinases, CREB, or NF-B in macrophages in response to EMCV infection.
Virus-induced macrophage activation precedes PKR activity. PKR, by virtue of its ability to bind dsRNA that accumulates during viral replication and to mobilize a cellular response to infection, is believed to be a primary mediator of the antiviral response. Given the kinetics with which EMCV activates each of the signaling pathways in macrophages and that this activation occurs in a similar manner in the presence or absence of functional PKR, we examined if EMCV infection activates PKR and if this activation correlates temporally with the activation of each of the signaling cascades. The infection of RAW264.7 cells with EMCV stimulates the phosphorylation and activation of PKR (Fig. 4A) ; however, PKR activation appears to be a late response that is first detectable at 8 h p.i. and is maximal at 18 to 24 h. Importantly, the activation of PKR does not temporally correlate with MAP kinase activation or the activation of the transcription factors CREB and NF-B in RAW264.7 cells ( Fig. 2A and B) . Consistent with the effects observed in RAW264. Fig. 4C and  D) . Surprisingly, a virus infection of macrophages also induces robust phosphorylation of eIF2␣ at 30 min p.i. in a manner that neither correlates with nor requires PKR activity ( Fig. 4C and  E) . Importantly, the induction of cellular signaling pathways (MAP kinase cascades) and transcription factor activation (CREB and NF-B) are early responses to virus infection (15 to 30 min), while robust PKR activation is observed much later during viral infection, at 12 to 24 h p.i. Moreover, EMCVinduced iNOS mRNA accumulation (at ϳ4 h p.i.) precedes PKR activation by several hours, providing additional experimental evidence that PKR does not participate in the transcriptional activation of iNOS during EMCV infection of macrophages. These findings demonstrate that EMCV infection of RAW264.7 cells and primary mouse macrophages activates PKR but that this activation does not correlate with the activation of cellular signaling pathways and transcription factors that participate in antiviral gene expression. The IFN-␣/␤ response is not required for EMCV-induced proinflammatory gene expression. IFN-␣/␤ plays a critical role in the host defense against invading pathogens, primarily due to the upregulation of interferon-regulated proteins such as PKR that induce an "antiviral state" and participate in the inhibition of virus replication. Although PKR is not required for the macrophage expression of iNOS in response to EMCV infection, the contribution of other interferon-regulated proteins to this antiviral response was unclear. Since IFN-␤ has been implicated in the regulation of iNOS expression by macrophages in response to bacterial infection (22, 42) , we utilized PEC isolated from mice genetically deficient in the IFN-␣/␤R (IFN-␣/␤R Ϫ/Ϫ ) to determine if the production and release of IFNs are required for EMCV-induced proinflammatory gene expression by macrophages. In the presence of IFN-␥, the FIG. 4 . EMCV-induced PKR activation in RAW264.7 cells and primary macrophages. RAW264.7 cells (A) or peritoneal macrophages (B to E) were treated with EMCV (1 PFU/cell) at 37°C for the indicated times. The cells were isolated, and PKR activation was determined by a Western blot analysis of PKR phosphorylation (A and B) or eIF2␣ phosphorylation (C to E) using phospho-specific antisera. The total levels of PKR or eIF2␣ were determined by Western blot analysis to control for protein loading. The results are representative of two or three independent experiments.
infection of IFN-␣/␤R
Ϫ/Ϫ PEC with EMCV induces the expression of iNOS and the production of nitrite, events that are indistinguishable from those of wild-type (IFN-␣/␤R ϩ/ϩ ) PEC (Fig. 5A and B ). An IFN-␣/␤-independent regulation of virusinduced antiviral gene expression does not appear to be selective for iNOS, as EMCV or EMCV plus IFN-␥ induces comparable levels of IL-1 expression and release from IFN-␣/ ␤R ϩ/ϩ and IFN-␣/␤R Ϫ/Ϫ PEC ( Fig. 5C and D) . Taken together, these results suggest that IFN-␣/␤ or interferon-regulated proteins do not participate in the transcriptional activation of iNOS or IL-1 during EMCV infection of macrophages.
MAP kinase and transcription factor activation precede EMCV replication. Our findings suggest that PKR does not participate in the activation of the MAP kinase cascade or in the activation of the transcription factors CREB and NF-B following EMCV infection of macrophages; however, the mechanism by which an invading virus initiates these signal transduction cascades remains unclear. EMCV, as a member of the Picornaviridae virus family, is a small, nonenveloped, single-stranded RNA virus that exploits host-mediated translation of its ϳ7.8-kb positive-stranded genome for replication. Immediately following cell surface binding and virus internalization, one of the earliest events during EMCV infection is the accumulation of single-stranded viral genomic RNA in host cells. To determine whether viral RNA accumulation correlates temporally with transcription factor and MAP kinase activation, the time-dependent appearance of EMCV RNA was evaluated in RAW264.7 cells. RAW264.7 cells were infected with EMCV, the cells were isolated, and EMCV RNA was identified by reverse transcription-PCR (RT-PCR). As shown in Fig. 6A , EMCV RNA is first detectable at 3 h, while high levels of EMCV RNA are apparent at 4 to 24 h p.i. This time course of viral RNA accumulation is consistent with find- EMCV protein expression is characterized by continuous translation of the complete viral genome to generate a single full-length polypeptide that is subsequently processed through intramolecular and intermolecular cleavage; thus, all EMCV proteins are expressed simultaneously during infection and are present with equal stoichiometries. The expression of viral proteins in RAW264.7 cells was examined by Western blot analysis of EMCV 1C and 1D capsid polypeptides. Consistent with the accumulation of EMCV RNA in macrophages, the expression of these EMCV structural proteins was first detectable at 12 h, with maximal protein accumulation at 18 to 24 h p.i. (Fig. 6B) . The productive infection and propagation of virus require viral protein synthesis within infected cells. While others have shown that infection of RAW264.7 cells with mengovirus, a serologically related member of the EMCV species, results in progeny virion production within 4 to 6 h (2, 32), the delay in viral protein production we observe is likely due to the decreased virulence of the B variant of EMCV. Importantly, the D variant of EMCV, which is similar to the B variant used for these studies, has been shown to activate macrophages despite nearly undetectable levels of virus protein expression and progeny virion production (20) . Collectively, these findings suggest that the ability of EMCV to initiate cellular signaling through the MAP kinase cascade or to activate transcription factors does not appear to be associated with the accumulation of virus RNA or the expression of viral proteins.
Productive viral infection is not required for EMCV-induced macrophage activation. In an attempt to establish the active component of EMCV infection that induces macrophage activation, we considered the kinetics of EMCV-induced signaling and hypothesized that the initiation of these events may be receptor mediated. To this end, we sought to inactivate the replicating capacity of EMCV, thereby facilitating the study of the earliest stages of EMCV infection and their effects on macrophage activation. Previous studies by Smirnov et al. (37) have shown that heat treatment (54°C for 20 min) liberates the genomic RNA from EMCV particles and results in a nearly complete conversion of virions into empty capsid structures. To determine if empty EMCV capsids could activate the macrophage antiviral response, in the presence of IFN-␥ RAW264.7 cells were infected with EMCV that had previously been heated at 54°C for 0, 2, or 20 min, and nitrite production (Fig. 7A ) and iNOS expression (Fig. 7B) were determined following a 24-h infection. Importantly, the levels of nitrite production and iNOS expression induced by heat-treated virus are indistinguishable from those induced by native EMCV, suggesting that empty viral capsids are capable of activating the antiviral response of iNOS expression by macrophages. To confirm that heat treatment of EMCV sufficiently removes the genomic RNA from virus particles and prevents infection, viral RNA accumulation in macrophages was examined at 3 to 24 h p.i. As shown in Fig. 7C , macrophages infected for 3, 6, 9, 12, and 24 h with heat-inactivated EMCV (hiEMCV) did not accumulate EMCV RNA, while viral RNA was detectable in macrophages infected with the native virus. These findings suggest that heat treatment of virions at 54°C for 20 min abolishes their infectivity. Despite the loss of genomic RNA from virions following heat treatment, viral capsids retain the ability to induce signaling within macrophages. The treatment of RAW264.7 cells with hiEMCV results in the phosphorylation of ERK and CREB as well as the degradation of IB␣ (Fig. 7D ) in a time-dependent manner that is similar to the effects of native EMCV (Fig. 2A) . Taken together, these results are consistent with the hypothesis that empty EMCV capsids possess the ability to activate macrophages and suggest that an interaction between a structural component of the virion and the macrophage contributes to the activation of the antiviral response.
While these data suggest that the removal of viral RNA from EMCV virions does not prevent virus-induced iNOS expression, the contribution of empty EMCV capsids to macrophage activation independent of the liberated viral RNA could not be determined with certainty, as macrophages treated with heatinactivated virus were exposed not only to EMCV capsids but also to free EMCV RNA. To determine the effects of EMCV capsids on macrophage activation and iNOS expression, viral RNA released from virions was degraded by the inclusion of a heat-stable RNase during heat inactivation. Importantly, to reduce the possibility that small RNA fragments generated by RNase degradation could activate macrophages, we chose an RNase that indiscriminately degrades RNA into single ribonucleotides in a sequence-independent manner. The addition of RNase to unheated virus preparations has no effect on virus-induced iNOS expression, since EMCV-induced nitrite production and iNOS expression occur to similar levels in the presence or absence of RNase (Fig. 8A and B) . Furthermore, under conditions in which viral RNA isolated from heated virus preparations is no longer detectable by RT-PCR (Fig.   FIG. 6 . EMCV RNA accumulation and protein expression in RAW264.7 cells. (A) RAW264.7 cells (1 ϫ 10 6 /2 ml) were treated with EMCV (1 PFU/cell) at 37°C for the indicated times, total RNA was isolated, and EMCV genomic RNA accumulation was determined by RT-PCR. GAPDH was used as an internal control for PCR. (B) RAW264.7 cells (4 ϫ 10 5 /400 l) were treated with EMCV for the indicated times, cells were isolated, and viral protein expression was determined by Western blot analysis. Blots were subsequently stripped and reprobed for ERK2 as a loading control. The results for EMCV RNA accumulation and protein expression are representative of three independent experiments. 8C), EMCV induces iNOS expression and nitrite production to levels that are comparable to those induced by both native and heat-inactivated viruses (Fig. 8A and B) . These results suggest that viral RNA liberated from virions during heat inactivation is not responsible for EMCV-induced iNOS expression and are consistent with the hypothesis that virus capsids are capable of inducing the antiviral response of iNOS expression by macrophages.
DISCUSSION
In the present study, we provide evidence to support the hypothesis that virus infection activates signaling pathways in addition to PKR and that these pathways participate in the macrophage response to viral infection. PKR is believed to be a primary mediator of antiviral activities within infected cells due to its abilities to recognize the accumulation of dsRNA and to mobilize a response to viral infection. dsRNA has been shown to activate two opposing antiviral strategies, i.e., a cell death pathway (apoptosis) (11, 36) and a survival pathway characterized by the production of proinflammatory cytokines such as interferons and interleukins (16, 17) . As a critical regulatory component of the transcriptional activation of proinflammatory and antiviral genes, NF-B may be one downstream target of PKR that mediates antiviral activities. Indeed, the central role of NF-B during the macrophage antiviral response is evidenced by its requirement for the transcription of numerous proinflammatory genes (17, 40) .
Based on initial studies using MEFs isolated from wild-type and PKR Ϫ/Ϫ mice, PKR was believed to be required for dsRNA-induced NF-B activation (9) . More recently, however, treatment with dsRNA or infection with EMCV has been shown to stimulate NF-B activation in PKR Ϫ/Ϫ MEFs, suggesting that NF-B activity in response to viral infection does not absolutely require PKR (21) . Consistent with the PKRindependent activation of NF-B, previous results from our laboratory as well as those shown herein indicate that dsRNA or EMCV induces NF-B activation in macrophages despite an overexpression of dnPKR mutants or the genetic absence of PKR (29) . Furthermore, the expression of NF-B-dependent genes such as those encoding iNOS, IL-1␤, and COX-2 in response to dsRNA plus IFN-␥ occurs to similar levels in the presence or absence of functional PKR (29, 40) .
The inducible expression of inflammatory genes during the antiviral response requires the precise and highly orchestrated activation of signaling pathways required for their transcription. The MAP kinases appear to be one signaling pathway involved in the selective regulation of specific inflammatory genes in response to dsRNA. We have shown that ERK is required for IL-1␤ expression and that p38 participates in COX-2 expression by macrophages (30, 39) . Additionally, we have shown that the transcription factor CREB is one down- (31) . Since recent evidence suggests that PKR-independent pathways participate in antiviral activities within infected cells, we sought to determine if the signaling pathways involved in the dsRNA-induced transcriptional activation of proinflammatory and antiviral genes were also activated by authentic viral infection and if PKR participates in the regulation of these signaling cascades during infection. We show here that EMCV infection of RAW264.7 cells or PEC results in the rapid activation of the MAP kinases as well as the transcription factors CREB and NF-B. The time-dependent activation of these pathways in dnPKR-expressing RAW264.7 cells or PKR Ϫ/Ϫ PEC is indistinguishable from that observed in vector control RAW264.7 cells or PKR ϩ/ϩ PEC, suggesting that PKR does not participate in the regulation and activation of these signaling pathways. These results are reminiscent of studies performed by Magun and coworkers suggesting that EMCV-induced activation of the MAP kinase p38 is independent of PKR (21) . These conclusions must be tempered, however, by the possibility that other "PKR-like" proteins may compensate for PKR in dnPKR-expressing RAW264.7 cells as well as by recent evidence that the PKR Ϫ/Ϫ mice used for this study may be incomplete knockouts (6) . However, EMCVinduced MAP kinase, CREB, and NF-B activation precedes PKR phosphorylation by more than 8 h, further supporting a PKR-independent mechanism of activation of these pathways. EMCV-induced PKR activity appears to be a late response of macrophages to viral infection (at 24 h p.i.), as evidenced by a temporal correlation between PKR phosphorylation and phosphorylation of the PKR substrate eIF2␣. Surprisingly, the phosphorylation of eIF2␣ is also evident early during virus infection (at 30 min p.i.), and this event appears to be independent of PKR. While it is known that multiple eIF2␣ kinases exist, the mechanism by which virus infection may induce eIF2␣ phosphorylation in a PKR-independent manner is currently unknown.
Since our experimental results suggested that PKR does not participate in the activation of the MAP kinase, CREB, and NF-B pathways, we examined the mechanism by which EMCV infection activates macrophages. While IFN-␣/␤ and interferon-regulated proteins play a critical role in the host defense against viral infection and participate in the establishment of an antiviral response, they do not appear to be required for proinflammatory gene expression by EMCV-infected macrophages, since EMCV induces comparable levels of iNOS and IL-1 expression in the presence or absence of the IFN-␣/␤ receptor.
EMCV relies on the host-mediated translation of its mRNAsense genome for the production of viral proteins, and therefore one early event during viral replication is the introduction of genomic viral RNA into the host cell cytoplasm. Since the accumulation of EMCV RNA at 2 to 3 h p.i. and the expression of viral proteins at 8 h p.i. fail to correlate temporally with the activation of these signaling pathways, it is unlikely that viral RNA or RNA replication is responsible for macrophage activation. Interestingly, the D variant of EMCV is known to activate but not replicate in macrophages, and the apparent delay in both viral RNA accumulation and protein expression compared to those in RAW264.7 cells infected with wild-type EMCV-R is potentially due to the inability of the B variant of EMCV to establish a productive infection in these cells (20) .
Specific molecular interactions between an invading virus and cell surface determinants on host cells not only confer cell and tissue tropism but also can initiate alterations in cellular function that are important for successful viral replication. The association of virus particles with the cell surface during the initial stages of infection has been shown to activate various signaling pathways. The binding of human cytomegalovirus to Toll-like receptor 2 can activate NF-B (10), while a replication-defective adenovirus has been shown to stimulate MAP kinase signaling in A549 cells as early as 10 min p.i. (41) . The kinetics with which EMCV infection activates signal transduction cascades within macrophages suggests that a virus-receptor interaction may participate in the activation of these pathways. We hypothesized, therefore, that a replication-deficient virus would retain its ability to activate macrophages. When EMCV was subjected to heating, a condition that converts infectious virus particles into empty capsid structures (37), iNOS expression, nitrite production, and ERK and CREB phosphorylation, as well as IB degradation, were induced in macrophages in a similar manner to that induced by native EMCV, despite an inability of the heated virus to introduce viral RNA into host cells and initiate a productive infection. These results suggest that an interaction between a structural component of the virion and a cell surface receptor may initiate these signaling cascades. Caution must be used when interpreting these results, however, as the viral RNA liberated from virions during the heat-mediated conversion into empty capsid structures may contribute to the activation of the antiviral response. While it is plausible that viral RNA could interact with cell surface receptors such as Toll-like receptor 3, which is capable of binding dsRNA and mediating the downstream activation of NF-B (1), purified EMCV RNA fails to stimulate nitrite production by macrophages in the presence of IFN-␥ (J. M. Moran and J. A. Corbett, unpublished data), suggesting that viral RNA is not sufficient for virus-induced activation of the antiviral activities we observed. Furthermore, despite undetectable levels of viral RNA after RNase treatment, heat-inactivated virus preparations maintain the ability to activate the antiviral response of iNOS expression by macrophages.
In summary, these studies provide evidence that additional antiviral signaling pathways independent of PKR participate in macrophage activation in response to viral infection, since (i) EMCV-induced MAP kinase, CREB, and NF-B signaling precedes PKR phosphorylation, (ii) the activation of these signaling pathways by EMCV infection is unaffected by the overexpression of dnPKR or the genetic absence of PKR, and (iii) iNOS expression and nitric oxide production occur to similar levels in vector control and dnPKR-expressing RAW264.7 cells infected with EMCV. The mechanism by which these antiviral signaling pathways are activated does not appear to require viral RNA accumulation or viral protein expression, but rather may be associated with an interaction between a structural determinant of the virion and a macrophage cell surface receptor. These findings highlight the complexity of interactions between an invading virus and the host cell response and suggest that PKR-independent mechanisms contribute to the antiviral response.
